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A pigment-protein complex containing a reaction center and the B875 light-harvesting complex from Rhodo- 
pseudomonas palustris was purified and crystallized in the presence of detergent. Thin, rectangular crystals 
were obtained and used for optical spectroscopy. The protein pattern as well as the spectrum of the solubi- 
lized and crystallized complex show that the purified complex was crystallized without a major change in 
its composition and conformation. The absorption band intensities in the plane of the crystal as well as 
the spectra of the titted crystal indicate that the 590 nm QX transitions are aligned along the long axis of 
the crystal, while the 875 nm Q, transitions are aligned along the short axis of the crystal plane. The results 
favor a model where the antenna bacteri~hlorophyIIs associated with one reaction center have a common 
QX direction and ~r~ndicu~ar to it a distribution of 875 nm Q, transitions exhibiting a maximum along 
one direction. 
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1. INTRODUCTION 
In the photosynthetic membrane of purple non- 
sulfur bacteria the reaction center (RG) is in close 
contact with the light-harvesting complex B875 
(B870, B880 or B1020 in other species). This anten- 
na system, together with a second one termed 
B800-850, absorbs light energy which ultimately is 
transferred to the primary donor by radiation-less 
transfer (review [ 11). 
By use of suitable detergents and chromato- 
graphic procedures, the RC [2-41, the RC-B875 
complex [5-IO] and the B800-850 complex [8-II] 
have been purified. The crystallization of integral 
membrane proteins was recently reported [2,12-151. 
The high-resolution X-ray analysis of the photo- 
chemical RC of R~odopse~domonas viridis [16] 
gave important results. The crystallization of the 
BWO-850 complex of Rps. capsuiata was recently 
reported by us [17]. In addition, we have also ob- 
tained crystals of the corresponding complex of 
Rps. palustris (unpublished). In this article the 
crystallization of the RC-B875 complex of Rps. 
pa[ustris will be reported. 
The smallest unit of the B875 antenna complex 
consists of two polypeptides of about 6 kDa with 
a 1: 1 stoichiometry [ 18,191, two bacteriochloro- 
phyll (BChl) molecules and l-2 carotenoids [20]. 
In the photosynthetic membrane of Rps. viridis, 
the RC-B1020 complex is the predominant protein 
component [21] and forms a hexagonal lattice 
[22,23]. The electron microscopic image of this 
complex suggests that it might consist of a central 
RC and peripheral B1020 particles [24,25]. The im- 
age of these particles can be enhanced by electron 
microscopic image filtration [21,24,26-281. Amino 
acid sequences, protease digestion studies, IR- and 
UV-CD measurements 129-3 l] indicate one 
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transmembrane a-helix in each of the two antenna 
polypeptides. Antibody labelling showed that the 
RC is in the center part of this RC-B1020 complex 
[32]. This result is also supported by chemical 
cross-linking studies [33]. 
About 25 mol B875-BChl per mol RC have been 
determined [34,35]. In accordance with these 
results Ueda et al. [lo], using radioactive labelling, 
found lo-12 of the smallest units per RC for 
Rhodospirillum rubrum, Rps. sphaeroides and 
Chromatium vinosum. 
Exciton coupling of the B880-BChl molecules 
was shown by CD indicating a close proximity of 
the two BChl molecules [36,37]. Fluorescence 
polarization measurements of B875 complexes of 
Rps. sphaeroides, wild type and R. rubrum showed 
a strong depolarization of excitations within the 
antennae, which is, however, smaller at the long 
wavelength end of the B875 absorption band at 
low temperature [38,39]. These authors therefore 
suggest that  small portion of the antenna BChls 
mediate the excitation transfer between the bulk of 
the antennae to the special-pair BChl of the RC. 
Interestingly, chemical ross-linking also reveals 
the close proximity of some of the B875 polypep- 
tides with a polypeptide of the RC [33,40]. These 
latter results as well as the non-circular cross- 
section of the RC of Rps. viridis [41] and its 
pseudo CZ symmetry [16] show that the RC-B875 
complex must possess an asymmetric structure in 
contrast to that concluded from electron micro- 
scopic image filtering at low resolution [21,24, 
26-281. 
The depolarization of excitations in isolated RC- 
B1020 complexes of Rps. viridis [35] as well as 
spectroscopy with polarized light [42] in Rps. 
sphaeroides R26 also showed that the Qx transition 
moments of the B875 bacteriochlorophylls are 
predominantly perpendicular and the QY transi- 
tions are predominantly parallel to the membrane 
surface but not oriented preferentially in one direc- 
tion. However, in these measurements the com- 
plexes were oriented only uniaxially. The advan- 
tage of a crystal is that there is no inherent ran- 
domization of the transition moments around an 
axis. In addition, the Rps. palustris RC-B875 com- 
plexes are arranged in a simple geomtry in optically 
thin crystals, thus allowing one to investigate the 
orientational distribution of the QY transition 
moments around the RC. 
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MATERIALS AND METHODS 
2.1. Culture conditions, purification and 
crystallization 
Rps. palustris, strain le5, was cultivated photo- 
trophically. The RC-B875 complex was isolated as 
described in [8], except that we used 10 mM 
sodium phosphate buffer (pH 8) throughout the 
preparation instead of the Tris buffer, the dilution 
step before application of the sample to the gra- 
dient was omitted, the gradient contained only 
0.5% (w/v) lauryldimethylamineoxide (LDAO) 
and the band isolated from the gradient was dialys- 
ed against 10 mM phosphate buffer and 0.05% 
LDAO. 
LDAO was bought from Onyx (Ammonyx LO) 
and treated as described [ 171. For chromatofocus- 
ing, LDAO ‘purum’ from Fluka (Neu-Ulm, FRG) 
was used. The RC-B875 complex was purified fur- 
ther by binding to DEAE-Sepharose Cl-6B, Phar- 
macia, equilibrated with 10 mM phosphate buffer 
and 0.05% LDAO, and eluted on a sodium chlo- 
ride gradient. 
Ultimately the complex was chromatofocused 
(Pharmacia, Uppsala, Sweden) in the presence of 
20% (w/v) glycerol and 0.08% (w/v) LDAO. The 
purified complex was dialysed against 25 mM Tris- 
Cl, pH 8, containing 0.04% LDAO (buffer A) and 
concentrated by ultrafiltration (Amicon, Witten, 
FRG; XM-50 membrane) to a protein concentra- 
tion of 10 mg/ml. This corresponds to an optical 
absorbance Ar cm, 875 ,,,,, of 130.0. 5 ~1 of this solu- 
tion were mixed with the same volume of 17% 
(w/v) polyethylene glycol (PEG) 2000 (Merck, 
Darmstadt, FRG) and 20 mM MgClz in buffer A. 
The mixture was smoothed out on a cover slide 
and equilibrated with a reservoir of 18% (w/v) 
PEG 2000 and 20 mM MgCL in buffer A by vapor- 
phase equilibration. Crystallization was performed 
at room temperature in the dark. Thin crystals that 
were grown on cover slides were covered with a 
spacer of 10pm thickness and sealed with a second 
cover slide, thus forming a microcell 10 pm thick. 
In this way, the crystals were aligned with their 
largest surface parallel to the microcell windows. 
The microcell was mounted in such a way that 
rotation of the crystal plane (rotation angle, a) and 
tilting by up to f 30” with respect to the beam 
direction (tilt angle, P) were possible. 
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2.2. SDS-polyacrylamide gel electrophoresis 
(PA GE) 
SDS-PAGE was performed as described [17]. 
Crystals were washed 3 times with buffer A con- 
taining 16% PEG and 20 mM MgCL. The crystals 
were then spun down again, dialysed against water 
and solubilized in SDS-containing buffer. 
2.3. Spectroscopic techniques 
Absorbance and linear dichroism spectra of the 
crystals were recorded on a home-built single-beam 
microspectrophotometer. Briefly, light from a 
tungsten-iodine lamp was passed through a mono- 
chromator and a polarizer, and focused onto the 
crystal using a microscope objective as an illumi- 
nating condenser. A second microscope objective 
was used to project the magnified image of the 
crystal onto a rectangular aperture used to cut off 
false light around the crystal. The light transmitted 
through the crystal was then focused onto a silicon 
diode detector with a low-noise preamplifier. An 
absorbance spectrum was obtained by taking a 
reference spectrum next to the crystal, a sample 
spectrum through it and forming log(Zo/Z) on a 
computer. 
the polarizer 
Using the microcell described above, the polari- 
zation vector of the incident light beam can be 
rotated in the plane of the microcell (rotation 
series), as well as be tilted up to an angle of f 30” 
to this plane (tilting series). Upon tilting, the path 
length of the light through the crystal increases. 
This increase is a function not only of the tilt 
angle, but also of the refractive indices of the 
mother liquor and of the crystal. To account for 
the different path lengths, for each tilt angle the 
spectra were taken with polarization perpendicular 
and parallel to the tilt axis. The second one is 
altered as compared to the corresponding spectrum 
at 0” by the increased path length. Each pair of 
spectra at a given tilt angle, with the polarizer 
perpendicular and parallel to the tilting axis, 
therefore was multiplied by the factor which trans- 
forms the second spectrum to the reference spec- 
trum, taken at tilt angle 0” and with 
parallel to the tilting axis. 
3. RESULTS 
3.1. Purification and crystallization 
The purified RC-B875 complex contained 5 
Fig. 1. Polypeptide pattern of purified membranes (lane 
3), of the purified (lane 4) and of the crystallized (lane 
2) RC-B875 complex of Rps. palustris. By use of marker 
proteins, the apparent A4, values of the RC were found 
to be 29000, 26000 and 24000 and of the B875 complex 
to be 9500 and 8000. The marker proteins with A4, values 
of 29000, 21000, 12500 and6500 are shown in lane 1. 
polypeptides in SDS-PAGE: the RC bands at ap- 
parent M, 29000, 26000 and 24000, and the B875 
light-harvesting bands at apparent iI4, 9500 and 
8000 (fig. 1). The spectrum of the purified complex 
is shown in fig.3 (dotted curve). 
Within one day, the crystallization procedure 
yields crystals of rectangular form with edge- 
lengths up to 30 x 50 pm. SDS-PAGE of washed 
crystals (fig.1) shows the same polypeptide bands 
as the purified complex. 
3.2. Spectroscopy 
Fig.2 shows a series of spectra obtained with dif- 
ferent angular positions of the polarization vector 
in the plane of the crystal (rotation series). The rec- 
tangular form of the crystal is used to define 3 or- 
thogonal axes, x, y and z, as shown in fig.3c. The 
590 nm QX band is seen only if the light is polarized 
269 
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Rotation Angle of Polarization 
Fig.2. Spectra obtained with different angular positions of the polarization vector in the plane of the crystal (rotation 
series). The angular position is indicated with respect to the x axis (see fig.3c). The spectra obtained at 0 and 90” are 
termed I, and I,, respectively. 
I 
I I I 
JO 500 a00 700 800 SO0 1000 
Wavelength (nm) 
1 
JO 500 #OO 700 100 900 1000 
Wavelength (nm) 
along the x edge of the crystal, while the 875 nm 
QY band is observed only along the y edge. These 
spectra with polarization along the edges will here- 
after be termed I, and I, spectra and are shown 
superimposed in fig.3a and b on the spectrum of 
the purified complex before crystallization. The 
almost complete absence of a band at 680 nm in 
the I, and I, spectra clearly indicates that upon 
c x 
Lr=l ;iY 
Fig.3. The spectrum of the solubilized complex (dotted 
curve) is shown superimposed with I, (a, solid line) and 
I, (b, solid line). (c) The diagram defines axes of a coor- 
dinate system used to designate the edges of the crystal 
in the untilted position. 
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crystallization no oxidation of the pigments oc- 
curs. By comparison of the solution spectrum and 
the I, and I, spectra (fig.3a,b) it can be seen that 
the peak positions coincide closely. The half-width 
of the QY bands in the I, and I, spectra, however, 
seems to have increased. 
If the integrals of the QX and QY absorption 
bands are formed numerically or by using a plani- 
meter, the ratio of these bands is found to be 
QY/QX (solution) = 7-8. If the same ratio is 
formed from QX of the I, spectrum and Qy of the 
I, spectrum, a much smaller value of QY/QX 
(crystal plane) is found. This means that a greater 
percentage of BChls contributes to the I, spectrum 
than to the I, spectrum. This rotation series as well 
as the tilting series along they axis (fig.5) show the 
almost perfect alignment of the QX transitions 
along the x edge of the crystal. The QY transitions 
therefore must be distributed in they-z plane of the 
crystal. 
More evidence is provided by tilting the crystals. 
The tilting series along the x axis (fig.4) shows the 
decrease of the 875 nm band with increasing tilt 
angle (the spectrum with tilt angle 0” corresponds 
to the I, spectrum in fig.2 with rotation angle 0’). 
The tilting series along the y axis (fig.5) shows the 
rise of the 875 nm QY transition band at higher 
tilting angles (the spectrum with tilt angle 0” cor- 
responds to the spectrum I, in fig.2 with rotation 
angle 900). Both series indicate that the QY transi- 
tions have a preferential orientation along the y 
edge, but also components in the z direction. The 
tilting series therefore indicates a dichroic distribu- 
tion of the QY transitions in the y-z plane. Non- 
dichroic distributions of QY moments of B875 in 
the y-z plane can be excluded. Various planar ar- 
rangements of QY transitions would result in a 
vanishing dichroism :examples are randomly dis- 
tributed QY moments, as well as ‘stars’ formed by 
the action of C3 and higher symmetry axes on a 
single transition moment. 
In addition to the large dichroism of the B875 QX 
and QY transitions, strong dichroism is also observ- 
ed in the rotation series (fig.2) for the QY transition 
of the bacteriopheophytin (BPheo) in the RC at 
755 nm. The BPheo QY orientation correlates 
closely with the B875 QX transitions, i.e. their pro- 
jection on the crystal plane is parallel to the x edge 
of the crystal. 
4. DISCUSSION 
Our results show identical polypeptide composi- 
tion as well as identical positions of absorption 
bands in spectra of the purified and the crystallized 
material. This demonstrates that the whole com- 
plex was crystallized from solution without a ma- 
jor change in its conformation. In addition, the 
crystals also exhibit reversible photooxidation of 
the RC primary electron donor (unpublished). 
+ W.aDoZO.“.“* “,Wm.O..W Wee.2D.U.“. Dn.wM”.“. 
-!a -I2 0 w 
lilt angle a 
Fig.4. Spectra obtained with the crystal tilted round the x axis and the polarization vector parallel to the y axis. The 
angular position is indicated relative to a 0” orientation shown in fig.3c. 
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Fig.5. Spectra obtained with the crystal tilted round the y axis and the ~ol~ization vector parallel to the x axis. The 
angular position is indicated relative to a 0” orientation shown in fig.3c. 
Assuming that the RC-B87S complex of Rps. 
palustris is of similar size to the one in ipps. 
s~~aer~~d~s* R. r~~~~ and C. ~~no~u~ 1101, the 
molecular mass of the complex should be approx. 
280 kDa. It is thus larger than the other complexes 
crystallized previously. In addition to the thin 
crystalline platelets reported here, we have also ob- 
tained large, bipyramidal crystals of the complex 
in other experiments. 
As each symmetry operation of a crystal may 
diminish the dichroism, it can be deduced from the 
spectra that the RC-B875 complexes must be ar- 
ranged in a simple geometric manner in the crystal. 
A probable arrangement could be that the pseudo 
CZ axes of the RCs [I61 are a11 parallel or mutually 
antiparaiIe1. In addition, they cannot possess a 3, 
4- or 6-fold symmetry axis along this direction. 
Although it cannot a priori be excluded that the 
B875 complexes have rearranged during the pro- 
cess of crystallization, our dichroism spectra 
demonstrate that the B875 BChls are ordered in a 
well defined manner around the RC. As in mem- 
branes 1421 the QX transition moments are pre- 
dominantly aligned along one axis, in our case the 
x edge of the crystal. Therefore the QY transition 
moments have to be in the y-z plane. The conclu- 
sions from our dichroism spectra will be compared 
to models of the RC-B875 complex, assuming that: 
fi) The isoIation procedure reported here yietds 
the complete RC-B875 complex of Rps. pafusiris. 
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(ii) No rearrangement of the B875 complexes has 
taken place during the crystallization process. 
The models which were based upon the observed 
fluorescence depolari~tion in Rps, viridis [353 
cannot hold for the Rps. ~~~~~~r~s complex. In 
those models, the Qr transition moments are distri- 
buted non-dichroic within their plane, i.e. random- 
Iy or orthogonally [351. 
Our spectra would be consistent with a preferen- 
tial orientation of the QY transitions along a certain 
direction or with QY moments which are pairwise 
arranged at f (s relative to a common direction, # 
being smaller than 40”, or with a mixture of 
mutually orthogonal transitions and preferentially 
oriented transitions. 
The spectra also revealed a predominantly paral- 
lel alignment of the B875 QX transitions and the Qr 
transition of the RC BPheo. This correlation 
would be expected from the arrangement of the 
BPheo Qr transitions in the RC af Rps, viridis 
[16,43] and of the B875 QX transition [42], both 
aligned predominantly perpendicular to the mem- 
brane plane. 
From the dichroism of the B875 QX transitions 
and the RC BPheo QY transitions, only the pseudo 
Ct orientation relative to the antenna BChls can be 
determined. At present, we cannot determine the 
angular position of the RC relative to the x-y 
crystal plane, which represents the preferential 
orientation of the B875 BChl planes, We hope that 
Volume 197, number 1,2 FEBS LETTERS March 1986 
future work will help to find the orientation of the 
RC BChl transitions relative to the B875 transi- 
tions. 
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